cadmium was also lost. Production of enterotoxin B and fB-hemolysin was eliminated in all four strains and penicillinase production was eliminated in one strain. In transduction experiments, methicillin resistance and enterotoxin B production were transferred together at a frequency of 0.2 X 108 to 1.1 X 10-8 by use of ultraviolet-induced phage lysates from naturally lysogenic methicillin-resistant strains. Cotransductions of resistance to mercury and cadmium, as well as production of penicillinase and f-hemolysin, were obtained to some extent. The extrachromosomal character of these determinants and their possible genetic association are discussed.
Strains of staphylococci with multiple drug resistance are widespread. They appear and spread rapidly after the introduction of new antimicrobial agents. However, a single mutational event results only in a slight increase in resistance to a single drug, as is shown by in vitro studies (12) ; additional mutational steps are usually required to achieve high levels of resistance, and this is a prolonged process which often results in an organism poorly adapted for survival in a natural drug-free environment.
Observations on coliform organisms have shown, however, that drug-resistance determinants can be carried by extrachromosomal elements or episomes (16) , which spread among different strains and species by intercellular transfer, i.e., conjugation and transduction (33, 34) .
Elimination of extrachromosomal elements by acriflavine has been described (10, 15) . Also, in staphylococci it has been shown that determinants for antibiotic resistance are located on extrachromosomal determinants (14, 19, 24) . A mating process for transfer of these determinants has not been demonstrated, but many transducible characters have been described, including resistance to streptomycin and novobiocin (22) , tetracycline (7) , the macrolide group of antibiotics (26) , chloramphenicol (8) , and penicillin G (24; H. L. Ritz and J. N. Baldwin, Bacteriol. Proc. p. 40, 1958 ).
In the present study, acriflavine was found to eliminate various determinants from methicillinresistant wild strains of Staphylococcus aureus. These studies have involved production of enterotoxin B, a-, ,B, and 6-lysins, and penicillinase, phage-type pattern, and resistance to antibiotics and heavy metal salts. Transduction experiments were also performed to restore the eliminated characters and to examine their genetic association. Barber and Waterworth (3) , and resistance was defined as growth in the presence of 12.5 pg of methicillin per ml after 48 hr at 37 C with an inoculum of one loopful of an 18-hr culture. The disc diffusion method described by Ericsson (11) was used for other antibiotics. Ordinary sheep blood-agar plates were used.
MATERIALS AND METHODS
Resistance to mercuric acetate was determined in a plate dilution test according to the method of Moore (21) . The minimal inhibitory concentration (MIC) denotes the lowest concentration which inhibited growth.
Resistance to cadmium nitrate was determined by disc diffusion according to the method of Novick (25) .
Assay of penicillinase. Penicillinase was determined by the microiodometric assay (23) . Penicillinase production was preinduced with 0.5 pg of methicillin per ml. After 18 hr at 37 C, a fresh culture containing 0.5 ;pg of methicillin was inoculated to an absorbance of 0.03 (650 nm, Coleman colorimeter). At an absorbance interval of 0.5 to 0.7 (constant ratio of penicillinase activity per optical density), the penicillinase activity was measured on three separate occasions. The quantity of enzyme per unit of optical density was related by a factor to that produced by a standard culture (DU 4916 wild strain).
A penicillinase factor of 1.0 was roughly calculated to be 75 enzyme units at an absorbance of 0.5, with penicillinase (lot no. 800406) from Calbiochem, Los Angeles, Calif., as a reference.
Assay of toxins. Qualitative and quantitative assays of the production of a-, ,B-, and 8-hemolysin, lipase, and enterotoxin B were determined as described by Hallander (13) . Enterotoxin B was also assayed by spreading the culture on a semisynthetic solid medium modified as described by Casman (5) , containing antienterotoxin B, diluted 1:40, whereby the single enterotoxin B-producing colonies developed precipitation halos.,-Hemolysin production was detected by observing hemolyzed zones around each colony on agar plates containing 1% sheep blood. The plates were incubated for 18 hr at 37 C, followed by 18 hr at 4 C.
Treatment with acravine. Strains, freshly picked from agar plates containing 400 pg of methicillin per ml, antienterotoxin B, or 1% sheep blood, were inoculated into Heart Infusion (Difco). After 18 hr at 37 C, 0.2 to 0.5 ml was inoculated into fresh broth containing 5, 12.5, or 25 p&g of acriflavine per ml (19) . (20) . An overnight culture of the methicillin-susceptible recipient in Heart Infusion was diluted 1:100 with fresh Heart Infusion and aerated at 37 C. After 4 hr of incubation, 1 ml of the recipient culture was mixed with 1 ml of phage lysate at multiplicities 0.1 to 10. Calcium chloride was added to a final concentration of 4 mm. After 45 min of incubation at 37 C, 0.1-ml samples of the mixture were spread onto Heart Infusion Agar plates containing 25 pug of methicillin per ml and were incubated for 48 hr at 37 C. All colonies which developed were examined for drug resistance, phage type, and toxin and penicillinase production. Controls, including sterility tests of the phage lysates and tests for spontaneous mutation towards resistance in the absence of the transducing phage, were performed ineach experiment.
Artificial lysogenization. Artificial lysogenization was performed according to the method of Rountree (30) . All phages used for lysogenization were filtered through membrane filters (0.45 pum) and tested for sterility before use. Strains to be lysogenized were grown in Nutrient Broth for 4 hr and then flooded on the surface of agar plates and dried; the phage lysate was dropped onto the surface of the plates. After incubation overnight at 37 C, a small quantity of the secondary bacterial growth within the area of phage lysis was streaked onto agar plates in such a way as to obtain separate colonies. Before examining colonies for lysogenicity, they were cloned three times to eliminate contaminating phages. A colony was considered lysogenic if it (i) was immune to the lysogenizing phage and showed another phage-type pattern and (ii) produced a phage that plates on its nonlysogenic parent. Production of a phage from lysogenic colonies was performed by the chloroform method as described by Kjems (17) . The original strains were used as indicator strains.
RESULTS
Phenotypic patterns of methicillin-resistant strains. The strains isolated in Uppsala were all resistant to several antibiotics, but showed some variations in susceptibility to erythromycin and chloramphenicol. In phage typing, they were variably lysed by phage 29 All five methicillin-susceptible strains belonged to phage type 29 group I in RTD X 1,000, produced hemolysins, and were coagulase-and lipase-positive. One of these produced enterotoxin B, and some were polyresistant. The phenotypic patterns of methicillin-resistant and methicillinsusceptible strains used in the experiments reported are given in Table 1 .
Characteristics of acriflavine-induced mutants. Four strains, methicillin-resistant, poly-resistant, penicillinase-producing, and toxinogenic wild type (DU 3128, DU 4916, PK Copenhagen, and PK Dumas), were treated with acriflavine and spread on sheep blood (1 %)-agar plates. Colonies selected for lack of hemolysis were those lacking (3-hemolysin and enterotoxin B production (Table 2) . They were also susceptible to methicillin. a-Hemolysin and 6-hemolysin, as well as coagulase production, were unchanged, as was resistance to other antibiotics. All of the susceptible variants treated with acriflavine, except PK Dumas, were still penicillinase producers. Sensitivity to mercuric ion also varied in parallel with methicillin sensitivity, as did sensitivity to cadmium ion in treated strain DU 4916-( Table 2 ). With strains DU 3128 and DU 4916, a larger dose of acriflavine (12.5 ,g/ml instead of 5 ,ug/ml) increased the frequency of nontoxinogenic and methicillin-susceptible cells from 10.7 to 12.5% for DU 3128 and from 2.6 to 3.3% for DU 4916. The higher doses of acriflavine were lethal to strains PK Copenhagen and PK Dumas ( Table 3 Table 2 were obtained in 48 of 448 colonies of treated strain DU The frequencies of transduction were in the range of 0.2 X 10-8 to 1.1 X 10-8 (Table 4) . Spontaneous mutation of methicillin-susceptible recipients toward resistance was less than 10-1" in all controls. The transductions were carried out only at a multiplicity of infection of about 1. No linear relationship was observed between the number of methicillin-resistant transductants and multiplicities of infection.
Controls. Methicillin-resistant strain DU 4916+ was ultraviolet-irradiated. However, no phage attacking any of the five methicillin-susceptible indicator strains was produced. The transducing lysates (4230, 4)3325, and 46963) were also propagated on the susceptible recipients (DU 4916-, DU 3052, DU 3108, and DU 3287), and transduction experiments at the same multiplicities of infection (about 1) were performed with the same strains as recipients. However, it was not possible to obtain any transduced colonies at a level of 1010 cells/ml and 1010 phage/ml.
Examination of the transduced colonies. As shown in Table 5 , the MIC of methicillin for all of the transductants was more than 400 Ag/ml. In all transduced colonies, there was a cotransduction of enterotoxin B production and in various frequencies of ,B-hemolysin production and resistance to mercuric ion also. A cotransduction of resistance to cadmium ion was noticed in the two transduction experiments in which susceptible strains DU 4916-and DU 3052 were used as recipients. Recipient strain DU 4916-produced penicillinase upon induction, but recipient strains DU 3052, DU 3108, and DU 3287 did not. In the crosses DU 3052 X q63325/DU 4916+, DU 3108 x 0230/DU 4916+, DU 3287 x q5230/DU 4916+, and DU 3287 X q56963/DU 4916+, the character of inducible penicillinase production was cotransduced. In the crosses DU 4916-X q5230/DU 4916+ and DU 4916-X 03325/DU 4916+, the donor, the recipients, and the transductants were all inducible producers (Table 5) . Inducible strain DU 4916+ was used as reference strain for expression of penicillinase activity. The phage-type pattern of all transductants changed; all became lysogenic with the lysate used in respective transduction experiment.
Lysogenization of the recipients with the lysates.
As the transductants were lysogenic, the possibility of lysogenic conversion was studied. The recipients were artificially lysogenized with phage lysates obtained (i) by ultraviolet induction of the nine methicillin-resistant strains, (ii) by ultraviolet induction of the nine methicillin-resistant strains followed by further propagation on DU 4916+, and (iii) by ultraviolet induction of the lysogenic, methicillin-resistant transductants.
However, lysogenized colonies were methicillinsusceptible and produced no enterotoxin B or (3-hemolysin.
Attempts to raise the frequency of transduction. As a strain can be lysogenic to several prophages, experiments to find the transducing phage and in this way to raise the frequency of transduction were performed. Ultraviolet-induced lysates from naturally occurring resistant strains DU 230, DU 8325, and BG 6963 were plated with susceptible strain DU 4916-as indicator strain. Eight single plaques from each lysate were picked and propagated on methicillin-resistant donor strain DU 4916+ until titers of 1.7 X 109 to 2.6 X 109 PFU per ml were obtained. In transduction experiments, however, no transduced colonies developed with strain DU 4916-, DU 3052, DU 3108, or DU 3287 as recipient.
Transduction experiments with typing phage 29. As the donor strain and the recipient strains all were susceptible to typing phage 29, this phage was propagated on DU 4916+ to a titer of 2.6 X 103 PFU per ml. Four susceptible recipients, DU 4916-, DU 3052, DU 3108, and DU 3287, were used in transduction experiments at multiplicities of 0.1 to 1. However, no transductants were obtained under the described experimental conditions.
DISCUSSION
Several methicillin-resistant staphylococci showed similar characteristics. Examined strains belonged to phage group I or III, or were not typable. They were resistant to several antibiotics, and most of them produced a-, (3-, and 6-hemolysins. An association existed between methicillin DORNBUSCH, HALLANDER, AND LOFQUIST resistance and production of enterotoxin B, since 37 of 41 methicillin-resistant strains were enterotoxin B producers. When four methicillin-resistant strains were treated with acriflavine, conversion to methicillin susceptibility occurred in 2.1 to 12.5%. This effect may be analogous to the elimination of cytoplasmic F factor in Escherichia coli (15) , of extrachromosomal determinants of resistance in Shigella (32) , and of the plasmidborne determinant for penicillinase production in Staphylococcus aureus (14) .
Determinants for resistance to antibiotics in Enterobacteriaceae, as well as in staphylococci, are similarly located on extrachromosomal elements and can be eliminated with acridine dyes at low frequencies (6, 18, 32) .
In the present study, the acriflavine-treated, methicilin-sensitive mutants showed a concurrent loss of enterotoxin B and f,-hemolysin production, as demonstrated earlier (27) , as well as greater sensitivity to mercuric ions. Accordingly, resistance to methicillin and mercuric ion, together with production of enterotoxin B and 1-hemolysin, may thus be extrachromosomally determined characters. Acriflavine-treated strain DU 4916-showed a sensitivity to cadmium ion, whereas all of the untreated strains and the other sensitive derivatives still were resistant to cadmium. All variants showed penicillinase production except the negative derivative of strain PK Dumas.
Evidence has been presented that the genetic determinants for penicillinase production and resistance to mercuric ions are located on the same extrachromosomal segment in S. aureus (28) , as has been shown for penicillinase production and cadmium resistance (25) . The results with acriflavine may imply either that a gene responsible for resistance to mercuric ions or cadmium, or both, is located on either of two different plasmids or that the genes for methicillin, mercury, and cadmium resistance (the latter in DU 4916) and for production of enterotoxin B and f,-hemolysin are located on the same plasmid as penicillinase production. However, all treated variants except strain PK Dumas were penicillinase producers.
The problem of genetic association was further examined in transduction experiments. Transductions were observed between strains of the same phage type with frequencies of 0.2 X 10-8 to 1.1 X 10-8. Cotransduction of markers eliminated together with methicillin resistance was observed. All methicillin-resistant transductants showed production of enterotoxin B, but the ability to produce (3- (Table 5 ). Resistance to cadmium was cotransduced in three of six crosses and inducible penicillinase was cotransduced in four of six crosses in which the wild type recipients were nonproducers. The fact that inducible penicillinase is cotransduced points to the possibility that the characters mentioned above are located on the plasmid responsible for penicillinase production. However, inducible penicillinase was not eliminated by acriflavine. This is in accordance with other studies (2, 29) demonstrating no relationship between methicillin resistance and penicillinase production. This problem will be further discussed in a separate paper.
Since lysogenization of the recipients with the lysates used for transduction experiments was not accompanied by resistance to methicillin and toxin production, the transductions of methicillin resistance and toxin production do not appear to have been the result of lysogenic conversion. Evidently, the genetic characters were passively transferred from the resistant donor DU 4916+.
The present study suggests that the genetic determinants responsible for methicillin, mercuric, and cadmium resistance together with toxin production may be extrachromosomally linked to one another, as these determinants were eliminated by treatment with acriflavine and were cotransduced. These results are consistent with the hypothesis that methicillin resistance and enterotoxin B production are closely linked and are carried by a single plasmid. The somewhat lower frequencies of cotransduced resistance to mercuric ion and of ,B-hemolysin production could be explained on the basis of variable plasmid linkage (1) or on the basis of a plasmid too large to be transduced by phage (34) .
The clinical importance of the genetic association between resistance to methicillin and certain virulence factors in S. aureus has been discussed elsewhere (9) .
